PREDICTION OF FREE TURBULENT FLOWS 


BY 

A. K. RASTOGI 


ht 

*1 

m 



department of mechanical engineering 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

' August, 1969 



CENTRAL LIBRARY 
Indian Institute of Technology 
KANPUR 


^Hesis 

Class No, 5S.2..5J7. 

R \es\> 



-^c?/ 


Hiage 


-'ITt 


OF 


A fh&sla 

In Partial of tho 

for tho degroo of 
Mastor of tm^snoJj^ 


POS'i’ G-LA./ . 

■’’lii-^ llnsis Sia^ i> ■<. ;:',-pro ■'.•d 
: ior ihf ijwat'j ‘ e ^ i 

j Masicf Mfi' . ... — . . 

t ia accu/Jancc .. . 


regUi<ti;oas al 
Institute of Fecaaoi > 


D lU'd. 



.cuipur 


k^jhaSu Bastogi 

t# 


1 1111 , 1 a 

'he. c, I £ 
ft I Q 


liopaftMoiit of Ilo#iia!il04l Higiiti^riiiC 

\ 


xsaxAB nisrifuris m 

IBHEA 


1969 


i^E -neg- n- R<^-s-PAje. 





fMa Is to mftlff that this has hssn imnlsd out 
taiidsr m^- mmx^elm and has not hsm sitelttsd sissidiofs for a 
dsgr#@» 


fi 



ftp* ®*f* ;-,(k2-.i::::.iH 
Assist ftpofsssogp 
!3©2t, of 

k.M i>..i.... 



jij ; ;» 

'■ ’’ '• <* <av:j( 1 ' 

j ;■ 

>. Ja' { ,:{! . 

f^niUutC of .. 

41 d i 4 


a It •-!. 




.ailnur 


wm. m 


Abatraat i 

0* laatrafliisliiflB . 1 

(0*1) M^imticsi for studsring frm tuxbuX^t flovs* 
(0*2) fr^lm oonaiderod* 

(0*3) of tho thosis* 


1* 


,iiaM»alilgal, ,.5^1! ,„^t sm 

(1 *1 ) Coordinato ^^stoa* 

(t*2) PoarliTAtiaii of omsormtion •qpi.aU.oii for 
lOtMOIlttlltt* 


6 


(1*3) S^prsssion for offootire -vlseosity* 

(1*31) Frandtl siisElng Xongtii tboorjr* 

(1*32) KbXiiKigoror « PandtX aod«X of tiixbiiXmioo* 
(1*33) KciilM«^oror « Bsad^X * Boita wmIoX of 

ftUEtiliXtZIOOA 

iiA) WmBiSaoPf oofiaiti<m»* 


(2*1) Oboleo of ooordiimtoi* 

(2*2) Vliiitd * options* 

(2*3) liLso^lX«&OQ«ui aattoTAt 

. (2*31) OoXeiiX^feioii of roioo* 

(2*32) MaiXablm of oroso<»stroais dXttano* 

(2*33) GMi.00 of o^AXiotoxislio iMoioioso ^ 
botsidor^ Xas^or* 

(2*3li) (%oSo* ^ Urn forniM oloi* 

(2*^) loitioX profiXos of tbo 4«ptttd«it wMiXoo* 


C 3*13 aixlBg 

C3»2> plmm $m%m 
C3*3) &2dyqp^®trie 

C3A) tim fm |«^# 

(3«f ) 

C3dS) Efr#Q^ af tuftmlim#* 

Smi»^.a£uz%« 

4pp®idis« 




frm t'vifbutcrit iflowi ar® iiatof an 

Ulnite JEff for solirlisg Wkm bcnwstef^- lagror 
i^paiidtl aiadng thmry^ Kolac^oror • ftrandtl aod®! Md 








Eotta's tMs mwk iioi hmm 



I]gEOlgC?ICEI 


Co«i) iailiailiiii f<;>r 

Th9 of tr®9 tuft^ulAl^ fli&w»^ sueli m m 

eitf Jot issuing frm a tbin slot of flran % fouh^ opening into 
stagnant surroimdlngSi^ fons tlis prsliainaiy stags in tlw stnilb^ 
of tnxtmlont botiniarf lasers* In tlisss flows ^ilus to tlis alissnos 
of wall* m can coaplsteiy ignore in® Ttscoidtf offsets thus intro- 
dtteing ocmsldenbl® siiiplifieati<s)» Bren in tn® tiutmlent toimdiifjr 
lasers along walls* idbiont of the toundarf Isjfsr ^adlclcness 
near tbie outer edge has little effect of rlsccsitf and so th» sMly 
of free flows helps to a great ext^t in understanding the tnstnlifit 
houndarf liters on walls* Apart frcsi this* free flows hare awigr : 
practical applications^ sene of idiich are n«iticaied helow t- 

(1) In the cogtesticn chwher of m gM-tiirhine engine* tl^ «dr 
aecessafT for' condmetion mid for coolliig is intro<ticed in ti^ tom I 
of Jets* Jet calculations are itsefal in the deidin of suCh cesants* i 
ticn e^nmiicrs* ' i' 

i 

Ca) Use of Jets in the foxn of airnnirtains for protecting I 

the room from edd' fsr hot winds is vmFf effeetire# ; 

I 

C3) fwC’-fliase Jets^ consisting of a Mixture of a gas with edid 
particles or li^d drcdcts.sre encountered in the emims^ih 

I 

chsMiters of Jet - 'Ci^iBes and indiadilal Ihrem^ces* atcnlsJng I 

I 

paint aprajs* sand^-hlaatiitg efdpawt S 

i 

let calcfilatioiis plo^ a rmey inportant fde in the dMign 
of a^desn opm-Jet wind tmiels« 

(5) Vow it is ommrniHy heliered that the nechanlsst of geawra- | 
tien of aerodTniBdc sound in Jets deiwids highly mpoft ^ inten- | 

idl^ of tufhnlmice in the initial part of the |ad»:^ thus the stmdp | 


<if tui%iil«ri©® *■ isitmsltf in jirts hmomnB m laraetleally iniwfeaiit 

(6) Bmt 9 » Bous® in 1^3 las sctasutsd tli« itisnonstim odf n«fi* 
t«felon nilih tlaat of dlffiisiaii sine® th® fo»ai«f oeetim m&m 
eertain eonditiafis at tn® eorss of tuxtnlsut ®ddi®«* fblM tmwpm-* 
ing isiNmds upon Toiooity and iwrsssnr® fluotiatiaaa and is sta,** 
tistioal in fiainr®* 

(7) ^sts isisdngini on surfaoss ar® used for di^riiig a surfan® 
in toxtil® and paper industries* 

(0*2) tlie nrotolen emaldered t* 

figure *1 i^otfs tile four tfpes of free tustnxXent fiese 
w» shall deal eitli* 

flg*(1^) shoes a high rdloeitf streaie adsing eith stagnant 
surroimdings over the of a sinner* Ihe rsgion of hi^ rele* 
sitf gradient grcnrs in ^ fom of a eedge end is sailed a glene 
Pff. lagrer* 

flgf Ct-h) ihoee a |et ismdng out frm a thin sloit liheii il^ 
sturounding irelssltjr Is aero or miU^ there sill devel^ tif# 
plane elxliig larers at the tifs edge® of the elot* These tvs 
lagrere mil Join at mm point dovnatrem of the slot opming mid 
mil give rise t® a vslocitF-profilo in m» mtn regien of the 

'Tkju 

let m In the figure.^miaded mm in the mmng mm« of 

the let is mMM the pstMtial serenes the flsv in tme regi« 
Slimre potmitial«flsv relations* The n^idn hetveen Idle nain |et 
end sdJdng none is suHed the transition m«ie» 

fig* Cl-s) shoes a Jet seeing out of a rcamd opening* Sere 
ee hare an am# of $^swmtvy mioh scdiisides mth the sentre line 
of the |et* This rmind aaiafsaetris |et also is dirided ia^o 
tinree aones similar to a plane Jet* 








fig# (1*4) ab©i#» a faa ifeich eMUaratlTuly is mt m fwl- 
liar. A thin tlit la cut-aljng tha pairli^eiT of a mm^ plm a«4 
flnld coacs radaially outirarda tlsjwiigh it* Hare tha a*la of 
©try and th« eentra lin® of th® Jot ar@ at Ught angl»a* fim 
thr®Q aonea hm9 b®an siioim in th® flgur®* In all. th® four nmaaa 
n® i«lll restrict ourselr®® to stagnant surrotnKMngs for eonveni©- 
nc@| hut this restriction can he easily remored. and ia not esson* 
tlal* 

It has heen experlaent'ally found out t^at olane islscliig 
3jiyer» plan© iet|, fan Jet and also the round Jot gro© at nearly 
the awe rate md hare stalXar velocity profiles, fhese sial*- 
laritiei hetvecm the® Should be ©splained hr the theory used in 
prediction of these floirs* Ihe theories developed so far for 
tuzhulsnt hoimdary layers use tiie ea^ressieiis for the effective 
viscosity that ccntsiii' tcne empirical constants* Surprisliiily 
^ough the eepirlcal constants n^essary for eac^ of these floes 
are different* 

Ideally ee ^louM he able to - predict all of these flows 
eqpally well» using the saae empirical inf omation in. the pre* 
dioticsi procedure* mth this ais we ^sall predict these flews 
using <!dffsient theories of tuihulmee and try to cstShliidi a sot 
of univ)»rsal constants* 

Cd«S> %ifeMns of the thesis ,1* 

firstly 'we use the Fnsidtl (1^25) ulsHii-lwiiith hype* 
thesis that characterises the local state of tuUmleiiss hy a 
local siean-velooity gn^ent ^Md a local length scale* XMs 
1^^ scale is usirnWy tahsn a® pr«^rti«sial to the width of the 
hcKmdary laycr^and the emstant of proporticaiality is Chosm mxM 
that the agrewent between theory and experlawit' is satlsfactoiy* 



fffiijLiiatias of a ooistimt for t^rpo of flow i« 

dussaistratod la tfela tiiosif wmSM^ to 9m tli« miitatollity of tiMi 
30lutl’:2t TTocoito® usod* 

Soccmdly we us© the hypotlieais gi-rm fey SolaogofW C19N-2) 
and Praadtl referred to as 'sUF aodel. l3»iNiafter|> %tel«h 

oharaoterises the state of tuffeulemi# fey ths Maetio «ei©rgy of 
the fluetuatiBg aoticsi and a l«Jgth scad® that is agaia propor^ 
ticmal to the width of the feuundary layer* fhis »odel of turfeu* 
as shown to section Cl«32)» inirolTes sea® more «pirical 
constants idiich huTs to fee gi-ren a differwtt irmlue for eaoit flow 
situation* 

lastly we use an extmsioii of lUF nodel idiich is Immm 

as iColfsdgoror * Prandtl • Botta model of tuffeulence and is refe* 

m oU-'act ot 

rred to as &>F«a siodel* Spalding [leffloj Itos^tshem that a imi*v©r«* : 
sal set of constants can fee found if %»F aodel is used dong with I 

f 

the differential egpa^cei for the Isngldi scale giw^ fey lotta (1951)^ 
By using l^s a»dsl the siossifeillty of getting a undTirsal set of j 
constants has feem exdcrd in ^s thesis* | 

fhe structure of the thesis has feeeti divided in three I 
cheers* fhe first ^mpter gi'^^ss the laathenaticd forsuldicn i 

i 

of the prcfelttt* Itoction (t«l) gives the co<»diiiate systen tiiNid:; I 

[ 

and ^ neat sectioit. C1«9) deUves the ccnsermticii etsediai imt I 

j 

acnentuB* fhe ndh f^itures of sMd and Mdel of tur* I 

I 

fedewie are givin in section Cl#!)* Boundary oenditiciii given I 
m section Cltli') mdcc the prcfelstt mthssnticdSy sdviddc* | 

Tim second itepter, of ^e ^ais feticfly detshrifees ttwi 
s^diiMcn ppoccdure* l^c the Unite - difference procedure dcvce 1 
loped fey Fatanhar and ipildiiii I I96P') is used* Xlm material I 

I 

present in ^s chaptec?’ is .repetiticn ftm (.Bcfii^j and is given | 


of 

mmrmtlm eqaatlons gtrm in iootion (1*3) 



m will the flQm tiii4#r cauaiSeraticm as tslia 1>otsi-» 

daxy-laytr typ« of flows bscaus® th» expeadaifiotal mldmm f« 
tboso flows atoows 000 prodowliiaiit dHiafsotlcaa of flw w»4 iilgji gvm» 
of iroloetty and otbor dofiwtdmt -raatliljlos p«ir|>«ndaLeuIaJ* 
to tli« dirostica of flow, '^o win apply the bmiiidaiT^Iayo*' appro- 
xiaatims to g@ii@raX olLlptlc ocmssnratioa «i|imtioat to got ttwi 
bcRmdaiT-lagrer twnaatioRS which ar© ^uriabolle in naturs* Itossno® 
of rovorss flow Is m impliolt roctrletloiii m boundaiy-lagror 
approxlaations and thsrsfor® rowwrs* flow should not b® pr«s«iit 
in our flows* will ctmsidsF oisly two-dln^msional flows* I'Pir 
ths satoi of coofwiiencs* w« will not ccasidor thm offset of mro- 
ssuro gradiont^ compressibility^ body-foroos^ ehmloal rsaotion 
sto* 

Cl«1) ^ ttiratiisi t*> 

cilooso two-aiamsi<mal axl^nwsstno ooordiimto systoei 
liiicdi soots tho r@^ro£s@nts of tho fmmmM flows bsst* As w^mm 
la Hg#-! tl»o iiliolo rmeXm of interest Is cos^siderod to llo bofe« 
wo^ two Isagjnafy bmaadarlos X (the intoinsl bouaissy) sail X 
(the extoinial boundaiyl* x tiM stroanUso sad tho 

cross^strois oocwdlJiatos vosfootiwoly* I boundafy solatia wd^ 
tho Mao of symietry la Idio plaao |#t tmA vgtk tho axis of syssa* 
try la taoo of rowad jot. s ad fsa Jot* It slwssld bo aotod that 
la r^aid jot rsdias at any point la o^gial to tho f oiwtoato ■ 
at that folj^ widlMi la tho fan jot radiiis laoroasos la ^o ^roe* 
tisa of X and la giwsa by rsRo-t'X 
Cf*2) Masmttm of oqnaiBemtlMi for afflttiiilaia i* 

Urstly* m ifeaM donwo the o^tioa la t^.soro 


aooretpcitidiiig instaatandous Talaias of Tim giUftral 

oofitSjmtsr and favinx* «• Stoi&es #(ps%lon8 of notion for 8tead|r« 
inooaprosjsdblo fltiid flow Iwo ttm foXloidiig fofsii 


Bill dXLz 3U3 ^ (l) 



L It 

S "ixi. 


z 

-i- z)7 ua 


a) 


Aft#r applaring tls® ’bowwSary' la^or approjsis'atloiis to «<!• (2) we 
get the foXlewing etpatloa for two-dieensienal. houzidaiT' lagrer 
flows t 



1 

i S:x, 


C3) 


Sm ^mmp 0 »iMg the yeXoelties In a tiQe-avoraf:ed oonpanent ui 
and a HuettiaMnf empmmt ui In «%• (3) and then tahSiii the 


tine averaie of the een^ete efttation we <^tal» 



C4) 


eliere ^ ie the tine*aToraged p*esiiiret liret two teme of 
0i>) reprea<mt oomreotion of «oe«itin end the tldrd %mm le 


ienermUf negUgihle* 'She firet %mm m the miit hand al^ of 
#%• represents the imleoiilar diffheisB of imenttss ^tie to 
wietotie shear stresses and is negMsIhle for mst purposes* She 


seoond tens represints the tmihnleiit dlflhsien of aoBentim due to 
S^oM stresses i’aju 2 • ^«»st tern of eq* Of) is .'il>o s«re 

for enr flows* Henoiring the negligihle tents and transfoming to 


axi* 3 «etrie eoardlnafc® fyst« m get tiie reipired ecaiaermtioo 
eqtmticm for aomentim as i 


j> u, ifil ^ pu^ ^ ^ ^ (rf ufiix'z) Cs) 

(1*3) I* 

So aak@ tlis aathsraatioiil solution '!:i(:«ii¥ 022 ier^tg It Is 
c:ist'-3saf3r In tux1i«l«at-floir analysis to descrit® tiui «»5&aiig« 
lavs amlogous to those for l»iii.Er flows* For ameiitusii tli® 
orehang® law oaa b® writtm as 

-fZ^ = Ae« 

wiiar® ' /Le|^ ' i« th® effective «seli«g® ©oefUcient and Is 

eallsd th® effectiv® wiscosity* 

XMs s«eticai deals vitli the tbre® different '^ysle.il iiy« 
potliesls eaplcyed in the preswit work to express the effeetire 
viseosity in teres of knoiei flow ^raneters* 

Cl *31) .UlUfttl <* 

Frai^tl gave this thec^ In and is Hie first theory 
that has heen vldely used and has given predictions stiii^ are in 
good agihBwsnt wlldi esperiimtal remits* ieoerding to tMs 
theory^ the ef feetire vlmosity is giwm hy the following 
reialiont 

I ff I ( 7 ) 

id hf* C?) Jt is Mmm m Frendtl*® isiadi^ leagth* ^ 
is soiee dhiradterstie thiehness of hotai^hry leysr^ deteminetioii 
of whieh will he gimm la a imer ehayt«r* is an mitvinal 
eonstant and is chossti suA that predioted results agree wi^ the 


•xp®f!tai®iifcal mmrn 


'Bm miiipmmtm fw tli® offuctive fiacosi^ alfong 

with ©q* (6) oaiap2.«t®a tlm foF tolulng «q# (5) 

( 1 * 32 ) |Q 3 ai,«.^aggg,.*J!afM^ * 

llijlilc® ttie Pramitl tluKsiy, «od®l oHara- 

ofc©n«®s ttm it4t® of by tb® Iduoti® i*i®rg3r of Hsiottt- 

abing Rotidt ^ a Xongtb aeal® L « 2Ms Xaftgtb aomXo is 
agaJLn bak®n as pi^pcaptioRal. to a®a® cbaraet®3Piatlo tMo'^msss of 
bo-;r'iir:f laysr bat oty b@ dlffsrrot trm PrsiiatX*s aiidiig Isogtli 
Ji • Hskics If® ©an isrit® that 


= Mu 


isais to tbs folioiflng rOlatloii ^iftsr (SimEisimial. aoalysist 

sl^rs m m snpifloal oonstwt 

L « < ^1 . oaa bs ooifeliisi ^tb % so tliab 

MS nssi only obs sispisiOiia. oanstaiit* tm.& rssuXts is tlm foUow* 

log sslatioii : 

Ae|| = f k i- 

CiAiiuu L = ^k-P “ /*<-) . 


fbyi&oaily tMs tlisoiT ^ms aors' f^aOistio as it nisss 
tbs offsotivs iiisar stssss oo^fioiSBt is tom of f iaotusliiiif 

i 

MLiistio msmtey* HMSi tbsrs ass no ^flas^nskioos , k-c} mA | 
biiicis 0 sbiDii ifiiotiM bs so* ^ | 

Sbir MO substituts st* If) Mitb s«» W M aossatoBi 
s<patiim C5)* tbs ists ooiii3..si nitb k so bsfoas ms ; 

sut soiirs ^ aoMitiiis sqmtidi m itotiM turn tbs oqnssnratisn'' 
•foatiob fm k & 3qattl»i af oooasinratiort for ^ ) 

is dsHMsd in Um foilowiiii Msyi . . 

.My . .11 ,, I 

[ 

^ tias^assrags sqp^U» niMwi by ot« Cl) | 



BuXtiplj math of tlj«i by t£m c&rmspm&Sng ut * % sdiHiig tli« 
ttir®® ©qpatioiia thiKi* m g®t tli® far «a®apgy of 

mmm aotioti* 

JSliftT? i^lii 

M tla®- airerag® eaoii of oq* C2) aft«r aultiply* 

ing by tbs oovrosrs^T.’i^.nz • kdm.tlm of tb® rofulting eqa»» 

tioos giTos tb® «<pati<» for mm of total Mnotlc «B«rgy* 

JKIt 


Sobraoting tli® ocpatlcm obtained In stop I fTosii 
elation obtainod in Stop II m got th® goner .il o^patloti for -fe. « 
Ih«i we apply boundary layer approadmatioRs to this lenoral Ofua- 
ticai and get tlio retrod oqpation for 'k vtilcdi ean bo vritton tn ; 
tbo foUowlng foiw in cartosian eoor'dlnatoe ; 

/Z ^ /Z / /2. / X 

tCt Liz, Uz I Us 1 

Z' -lu , au / 

ti«) ' 







> 


/ ^ 
^ bXi, 


3Ux‘)2-_, . 
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f 


tta uXt^n inrolifwd in »»d>lnt •„ <10) nan k. «»« in La»f.7J • ; 

fbo loft band oldo of o^* (10> rooresents oanvoeticas of -fe by l^o i 

ae«i aotion* tbo first tom on ngbt band sido roprosmts laolo* 
oular difibsioti of i. and la Mgligiblo f c»r our flails# Xbs I 

soocmd term ro'^osonts intometion betsoon tasibnlmt strossos sni 

[' 

mm roloei^ gmdioiit# lisrbi^ont strossos tsnd to cupsato A 
tmm tba mm mMm mid i^s tbls %mm rewosmtB grniorstion 'Of 
^ » p in ot# (10) roirosonts tbo offoet of Xmdnar risoosity on 
fbaattiKtini liotioii* m foot tbis is tbo of foot of flnotuating | 
laisinar stresses m mlooity flmotisaticms sbiob soans ^sslpitiQ!i t 
of Invbitloiiast tte last tom of ot* (10) represents tbo transport 


of k by fliiefewfcloiMi it <liffB8icw of -fe * 

Ihis way eq. (10) »ho4#8 timt mt a pt# in tnrtonlant flw Idnatie 
®i@rg3r of aotlcai it cc«t®cb®d|, «ltfl'us®d|i ppodacod and 

dltsipatod* '-fti® dissipation and gmssfmtlm tews «r® ccwteSinwI 
to. --.iar and ar@ call@d thm soorc© fcsna# .ifiriting ®q« (10) in mm* 
ajd-syBaetnc ccKjrdinat© systm m hav® 


i&«re smirc® t«in# 



00 


and Ik m ttmbnlant diffasiooaX flnx of 4 in tbe erost • atnaasi 
dirtotion /eid turn <;h 9 follodlti^ . ■' 


f /2 / iZ f /Z / 1 

r ^ ^z ^ U3 (^z J 

Is analmimis feo- nogatlyo ef i^^*noId strsssss in tli« nonmitiiii 
oqpaticn and is to b® exmrossod 1^ an ©josliang® law similar to 
«q« (d)» fbo oxnnango law foir^ is dafinsd as 


Wlioro is tbs sffsetivs sxnbangs eosfficXent, following tbs 

dsfinltioii of laniiniiiy frandtl msii^sr^ wo dsfino tbo offsotiwo 
frandtl no* for k as . 




CI2) 


fbs sxprsssioB of S as gX'wm W Cl@) ooniains tbs 
fluid Tisoosi^ idiiob aaf iAidy that dissipitioii of k oomirs dus 
to irissmis ©tfmts^ but as saplainsd by Isasms Llif«^J tbs disiKi'** 
patissi of tuUmlsnt mmetj is oontrollsd W snsrgy tmeisfar fvoosss 
ratlmr tban tbs oisooiis sffsots* ^is rsloeitf nustuatiQi^ em 
bs visualised as sddiss of dlffermt siasi* liargsr «Mim bats 
nors ttnstis snergy and binstio wisrgy is transferred trm laigsr 



«ddt®» to imaller till ®dai©® bdecis® 80 iliat®s»t®4 that th« 

fluctuating aoergy is iiastpat@d as heat hy irlscosity* ftiarsfor® 
dxsslpatlmi i^uuld h® a ftniotion of 'k and th® langth seal® Xi* 

Trm th® expression of JQ in ®q« (10) v® can 
D = D-(fA,L}- 

Uiiaensicml analfsis leads to 

D = t/L 

^ in ®q« (14) is again an midrical constant* Eq« (14) is in 
accordanc® with th® energy transfer process as 0 is la3?^er for 
lirger « this conzpletDs the m6d®L of turhulwic® iSsdoii 
respires siwiltaiieous solution of eq* (5) and ®q« (11 )« 

<i«33) ..4a3aaagEgi,r».l^w^ s£„ .tmifertiiBii t 

SffectiTe viscosity in this nodel als® is givm by ®q* (9); 
but I* is evaluated in a different my* iotta (1^1 ) has given 
differential eqaatiems for' eonservatim of 4 and * le derivi^ 
these eqaatiefis fro® the general lavier Stohes efuaticn® of notion 
considering the statistical behaviour of turbulence* tfc have used 
the equation for CiL) in the present thesis* this equation hae the 
f ollowiiig f om I 


5 ’a 


+ fu^ 


I BX- 


~ 1 


’-ft a 




CtL) 


-T>Lfs 


or) 




idiire mm mMHmX couetante* nue equation ie imy 

eiailar to pretrlous e<patione for mmmtm and i « the left hm^ 
•id® is the coneeeticn of (-^l) ihlle the riid^ innid ^^de 
repreeent diflb«icns generaticai and dissipation of C'kQ -* Periva- 
ticn of eq* (15) is 'Uvea in th® appm^x* li^th eq* (15) ws Xmte 
three pkrsholic ^rtial differential equatiems to be sOlviMft 



acH^l of eiixImiMfiis** 

C1«^> 

BmsKSmr Qmia.ti.m@ to to b« solLfod i«lll 

<l«piKi<i upon the imture 3f I and B taonduxlftt* Me e«i Im'iii tlie 
following tm trP®» of towiilaflest 

Cl) Srffm It F®f®i« to tlie aitmtlsn tlie Bottii* 

duly ie md^aoent to an liwlacid free streati euoli m totli tlie eigee 
of 4 laisdng la^rer or tne outer boimdarr of m Jet* Value of tTm de** 
pendimt Ymneble nattel^ the losigituflinml iralocit^ tl, or flmatiiatliic 
Mnetie energjrior (iL) ^ at the' free hounilasar ghoiild he eipal te thi 
v.t* the free streaai* 


Cii) .aawter. g,.AIIIf lw«4igy» » houndeir eoiiiiii<!^ with tl^ 

Hue of esmetrar C 1 houMarr of a plane Jet I cur the axle of epi* 


setrsr C 1 of a rmmi 4et it ie ItaftoMa at sy^iiotf^r-lSne 

houndaix# iralue of the litoPifidiRt wai&ahle €lm$ thie line ie 
inmoun while Urn gradi^te nofnal to thie Hne are eerof 



dconc^eal ccnputatlcm proeocitxr®* 


'(2*1) gjisdhftt * 

t>urpo»« of this ssctiqa is Ui© judldoas s®i«©tlfJii, of 
eoar<Siiiat«t -in str««-wls# and oross-strsw dlrsotimis* Mft&lmmy 
. of Units diff@r«e® a«tliods d@p®nds largely upw th® coordinate 
systm haini; nsed* aino® the boundary layer gross in thlclmess 
vith doHnstreaa dist^anoe^ the grid used idiouiid adlnst itself to 
oonfom tfitli tdie boundary layer tMotoess* 4Xso the oross^eitreea 
Tariiditle idiould be Mcotonie* These regpiriaents are IblUIled by 


u) coordinate ayst«a idiere a) is the nondiseiisionalised strewt 

funotion defined ^ # ®bis defiiiitioB ie suoti 

“ ‘ te-fa 

that a; flO at I boundary 


1%is dsfindtioB ie suoti 


and the 1 boisidary* Wtm the defiititioii of atreea Ibnetion 


we hare 


Ml 

cht 


_ Yx T^r 

. ft 

= - re -TVLt 


• ft , n ■ 

idiere and are the ratee of mmm wmMtmt X d 1 

V 

boundaries reepeetirely# These are called the mtreinnsnt ratee 
and hew to dbtain '^se ie an iaportaat dtioii wiU be edirid ^ 

Xatir in ^e ehaftwTf 

fimefbmliid the oonsenration e^tloos deilred in <diaptw i 



to X uj eoordlnatoo «i« em writ® thm in tUm f&llnwim ^o 3NI t 
Co&mrw'itlcm. of aa««itnat 


ait| _ {0-w)ri.Tn,r +u)ir£i;iE} 


_£, f hm " ^ui j. 


(17) 


CaQ 0 @rratlcai of ^ t 

2,^ {(t"-<^)vi'i^i-fu)ykTnE| _ d I yjl| ^ 


"dx 


Gma@rvmtim of (-feL) i 


fu, 




(18) 
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01) 


Cte-^0 

X. IL 

fa,LH 

Stejaiiyiiig tn* mwptmspmm of the atoovo ofpatioe^ttiojr oa» 
bo pot in tim folXof«iiii oiwson foen i 

nHm 4 otanfls for th« aopeodoot -rarii&lo mA 

<X E y^ 'YKi 

b = (Ye .- Yi ini ) - H^i) 


c4 s 


•f' 


•0r 


n<y\c?ivieM 




A^bt) y^f tct . ^ /fe 

L ^u) y ■" 


3/2 




LO-i 


-[-oy' 'k 





(2*2) mnltrn 

file stanaard nMfce-differeiiee proo«<S»re i« to difiile tli# 
field of interest by a number of $nd Unes AraMn lit etreeatwlse es 
nell as oross^strem <lireeti«»is« %e dependent rari^lee «t t^ 
nelglStoiiring nodes are related to eadb other threngli differmoe 
eqjaations* the e<iaation is to be solred by r-sa’cbing -integration 
procedure* 4 jvuj profile will b® tootei at a iralae of and will, be 
roipired at a greater ralu® of « the prcblm of obtainiiig tbeaa 
difference e^pations fro® tne general partial differential eqpiatioii 
(20) is briefly deserlbad in this section* 

She usual method of obtaini^i:: a finite difference eqpatlcui 
from a partial differential ecpation is to aahe use of faylcr^series 
expsnsicsi* anfferer* a differaot :>racedaro has been used heref the ^ 
difference e^aticn is obtained by eiipressing Caeh torn in the parent 
partial differential e^tioci as m integrated arerage orer a nliila^ > 
ture control rolixee* fhls can be explained by the follovliig sketch f« 


^4- — 

t/U4 

1 ! 


-P+ ; 

i3>I>4. i 

1 ' * 

! 

1 

VI ^ 

1/- - 

i 

t 

i 

^ ^ J 
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X 

u ^ 

X 

d> ; 
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the ilcet<ii slioiis a portion of the grid* fim .feints tmo. ^ are ' 

i 

upitreen ,afid dewistreiin nodes respeetiirely at a gitm o) yaiae* u+ ' | 

end U- are the points at the nearly oj rallies at upTbrsan staHen { 

[ 

end uu-)- ie a petet nldiny between u and U-f iMle uu^ is ; 

' ' ' i 

feSAt sddiiiy bstwesn u and U- « Cellar nomenclature is' used at i 
domatmah- station* the hvokm line idioes the control rdiime* If 

t 

we consider the no^ point b» we liiall express eadh tdhs of e<|«(20} , 
as an integrated average orer this eoitrol yoltime«» Ifaltiaticn 





to explicit aottiod Is uaisti^ls tm l«fg» 

Stop Xmkgtha* notliod/isoxTospcmSt to Grai:^ & Mltli€480ii*« prcio** 

du3r«» Is to hm» tlis afltliisstie a^n of ths of tmnm 

ot Xu md ^ 0 

I^XXonjUig tiiss# gsfisr^ raids m gut tins foUoiciiii Giffarar] 
s^piitioei for ths atsAPl peidiit G t 

^ +6 4>j,_ -i-c C'2-») 

mwTd 4*B md C ar« teonii coofflsicnts and omtaSn w»lm» of 

t 

<Koh and t mslamtdd ftt tlia npatraais station ^ • INisIt fiaito 
diffsrmos s^^wtlons ars foand for all tiio grid fotnts at xo 
mnging trm aG to to »f md aro soirsd slimiltiaeously to git^ 
j^z-tllQ at :%) f 

C2«3) MsooMmeous aiAtt.ors i 
Ca«3i) 

oooffi^snts 4t B and G of tfent ldff«ronoo ofMttin Ctl) 
tinMn a.) b and omliiatod tlio npitrosn station* fims oralm* 
tlon of ^ ; 1? and c Booonss mmsmrj hsfmd oonditi to soloo Vbm 
Mitmemmm ooitations* . 4lso a b m 0.wm im ott . (^) giiro %ts tho 



of tijfi boundaries th® Hue* Bim» tli«r« is no fim 

across a ay Hn® 'd will b« sero if I bomndarx ©oiii®id«i witb 

th® ..y 1 j^r:/ ■tin® and C^+ util b@ sero If i botttislarsr ©oineidss 

idtli the . :-.v'V' IjUw* 

In cas® of free b. '-.w’i-.';.:- cbodLc® of t and « «S|»®s 
bscoses 1@S3 ■Sc\-': ~ Bar® it dapaods upm the effaetiir® eisoosilgr 
lair iiiiether tb® edge can b® spaeified witboiit irbitrariiiess or not* 
dm mu eopisidar tiro cmmmt 

(X) 4i®n the efrectiire elscosit^ Taniiiies at tlie boundaiy as ia 
Frandtl alMng l«ig^ theory* ci.tl"n of this theory results 

In a dsfinite thio^ess of the boisidaiy layer* 

ClI) Jxej^ does not rsiilsh at the bcwdsry auoh m i® 

»odel or oodel* I® sui^ oases the edge is arbitrsiy sad 

spproaeh to free-strssM oomlitioss is aspiftotio* 

gsae £1.1 1 dm srlte iihe so* C^) at co~uJp ttear I * bowadsry in 

the foUosiiig fomi 


b ^ ~ L” 


^CO 




-’J> 


+ 


cXd - 


Ciz) 


Kow Moordlitg to fremiti mudng leag^ theory A^{, ^ ad ® 

therefore ee here s definite Uae that essetXy dirides e recto® ef 
hom^ro tmm the r^io® of e^« Urns I® C3i) ee 

awhe spprbeeh miity so that h mi M rn.itt^m "^mmm idshttethU 


-var tc ooortttnat® and 

for Atk froB if} m ter® for 4^ = ITi 


> , Ilf !• J s 


tte ®JS1V®89ilM 


^ /'<L til -, 

L Jj 


Cft-'h:) 


^ v2-T 


jt. / 


1:1;'^' b1 troa insiaa the boundaiT Xajrer and using sq. (23) 


(a+b) 


liic) Kill 


40 


siailarlj for X Boimdarr iRit uj sa§ m4 obtaHi 




(Z(> ) 


in 'itiite again ®® ter® to a'-oroicia fToa teghor vaXii«» of <^ • 


Using th® fiiiit®-~4iffi!r®n<s® ®a|sr®Mioii for tli® soocni-orter ilori** : 
rmtir®* mpp99nmg atev® w« ter® tte foIXoiring ojcprosidcHi® for mtrai) 


Hants I 


= ?fl Iz 


2. (Ui4Ui-2W.ll 




-tr “ 2-^+-0 


C 27 ) 


La «t# Caf)^ ^ atania for »fer®«n«i»# roioeitar ate #»«%• 


® iri4 p:CntSi 




for 4 = ^ n.% % 
fT-Aly:t'- relatJ 


leiilaop irala® ttf wJ - 




m ma# 


(^SynJosoul^t I b-dSM, cirof>j:>eJ, -frowi U-i^ 


U.j> 




whero is ««» issirsa valu. of roXocHy ot to, <h»lrt».a 

Station at to-cUjj and is tli« toIji® iroT'illlnf mt tli« 

u.pistri::^y station* fh® cboio® of ^%ci infiiisise® tli« «!• 

tr-alwaeat rat® md thm aale® t!i® b.-rirri^ lajTsr ©KHani or 
©ciitraot* Ath th@ us® •>f ®q* (28)^ right hand sM® of ®q* (22) 

©an b® «rijluat®d* Lot us say that nsar'^al ojj} = aJiii mid 

a+bu;>, ^Df (zcj) 

, // 

if i boundary is a spiwtry iin® boundary and tvc£. is^obtaiiiad 
from «q* (29)» M eas® I boundary is also a trm boiindai!y» tti® sami 
proesditr® is appilad at that boinidiry* % apgiy ®t» (22) at oO- 
fiaar X botmdazy and find 

a.^h^3^ -T)^ (3o) 

Soiiving similtaiiafmsXy ®t* (29) add ®q* (30) m gat 


—Vb. 

uJPi 

T>j - T^z. 

- 031^ 


C31) 


Cs«3s) 

ir«n tha 4 ^ prolila it is assiiitlai to dbtsln 4 

frafilas to ioi i^sioai idaa of th« solutiiiis^ l^oaidly In tlis 
t a i o d i iit i aB of c In #q* im} art noodad and m to proomd th@ 
fop5#ard intagrati'^ais al^ it is nooossary to hats oorrosocsidinf 

to all tha grid poults* iron the daftnition of co ns stito 

^ - 'I 

J (fu) Mo 


(3Z) 


Hm left himA sld® i# tooaa ia af aa iw Mm tli* 

relation bat¥«i r mA ^ siicli as y-^ la #%«« of « rmmA aadiqr* 
aaetno Jet* Integral a’!&?>earla6 la th® rig^t liaaA ®id» of ®f®« C!^) 
om also b® aval-iitcr-1 for two .adjaemt grli |»otot8 W aaaerioal 
aetbods '^TTriAod J or H tois not inaiisli at msss^ grliS IK*iat# ftnui 
OMi b® •sYalr.atel at all the grll point®* • 

(2.33> 

Xii® iSaoreicaX triislnooa of tb® bcmadarf lajwi®’ from I to S 
is ealealitedl froia Uv>tj profile but tMs tMelmwss is 
not used m the i^araeteristio thieMms of ta« la^r as it is subj-oa 
to azbitrariaess* fb® obaraet oris tie thietoess is defSasd ms 
the iHstaae® hetwmm tl&» two points la tbs bmindirr lsr®f» «i® a«ar 
I hmmAMTf mA tti@ otli^ asar 3 fliis peiat eeaes m tli# 

boi»tey itself ia cas® of :Q%r^ lia® b^iiiiilaiy* Wm free hmmBmf 
tills point is eliosiii timt tbe velooity at tbe poiat SiSfmm 
trm the adjaseat fr^ stress relocitp’ esse fraotieii of the 
s^asdstis veloeiij differeaee mtmms the Isstm* This fsmtim F : 
esa be 0«l m %Mm M is tMs iMLeh is meed to define frea^l*® i 
sixtag Imgtli ia et* Cl^)# It is olear now that the valae of /N will | 

depend upon ^le mine of f being used# Mvant^sge of uxtog this I 

! 

leegtli is that it is free fron axbltrarXaess* | 

.iteHiit | 

[ 

9wt femmsA iati^ratioR the proper liiodee of is msf | 
i’l'^rtaat beeause if d x, is retf samllft eospetation ttes ! 

I 

wHl iNip’istd Units if A'^ is Isvigpr ; 

instabilities will ooeur* 4.th larger Paine of ^ p*of||#s I 
estAXhste tstibi large sspUtude Am to the feet that entrelJiMiits 
lire sPiliiii.ted at the iupitre«i etatieii* 

f# er^d bolb of ^se troilhles it Is m general eoililni ^ 




mXm %hA% Btmp Xanstti Is a-ids iroporttonal. to tli® b-./isj^d-oy layer 
tMotoess* & scm© sitmtions is«n i)@ a^Slmd folio, /ing 

ul* ’ ’ f I 

4 ;c = ^^<svu)t. (fe 'Yi Mx- re J C^5) 

iifesrs *01 4 emst# 4 *05 

®<i* C33) msurm tisat to tli® stop Isrigtli * 1 to of tli« tot^al 
fluid preiont to fell® feouiwlary laror is 
(2#35) Xn1i^ljXJ3E2lS.lg!IL, 

fo start tb® forward totogratlon ws iatoouM temr tli« <^'^uj 
profile at an upstrean station* 4s a«fcicm«d earlier mines fr« 

0 to 1 are cSioaen or ©aloulated first of all for maiding tti® grid 
and tb®*i Itoear TfUlatioii la talioa h»tmm tiw adjaoent grid 

points* fbere to no imrd and fast rule for ^o^ning u) totesnmls 
hammw Mgber ivecmreo^ dmands timt irmlnes i^oold be olose to 
ewli otber to tti® regions idiere <p i^uo profile ^n^es slope ^ 

smell .IS near toe bomndary lines* I 

j 

It is desiridile tl&at grid nodes toomld be e^allgr speoed 
on tlie •eoale so as to bare n 4?^^ profile is pl'iystoaHy ; 

eoMPtfetlble* fbls oan be etoiemd toromgli er^Mss^mm cxily as toe | 

profiles ebange wito x • Xt itemld be aentiened tore toat effto ; 

[ 

edannr of eesapiitetieit depends also mpai toe stober H of grid psdtoe | 
meed* told is ree'^jmrien.lsd bgr Cantor pid Ssalding [ief* C) fm 1 
toddLeftoterr iism« I 

file iidLtlel prod'iles are tekaii tmm @xp®3i%mnts^ 

mii. rioal rstotiens or goess woto* In ttubitlent bpptoiy Isgrere : 
doanstreai events -ere neiinlly not mir eansitive to mostrean esn* ‘ ^ 
ditiPis end bpiee to# speeiltmtie® of ton toiti'al profile beeones 
irsttor i8iiiip«rtnt« 411 toe s;i3i toe iaitosl profiles dbmM, ' 

eorrospond to real iUm stiitstioii #»§« for nlieini Iprer if ad ; 



,t th® iBoundterl®® to a fUnlt® -smluMS at sera® iwdnt mmr 
. .. A. *'?7 lajfor tiiiesji®ss* 



m w$Xl ecsnsidi^ ti^ W nflltig tSm 

I^£>3tiiQse2 of toAmXmm fose flw# in a separvi^:c- 

a^aticxi* Umi ydH foillow ttis ailiniitmg#f of l) 3 r|»Q 4 li«»X« m«f 
tlio otnei*, 

C3.1 ) SsiL-S3ats.^l^La^^ 

gsj^-Ml-gpgsm . •aigteg-..laij^tla ..thQ^rgg* 

0siiig tiae P3rm4tl thmry m tiaT* 8<^vo4 ; 

P^lol «liffimiti4l o^iu^idi for siQOiwitiin* 7o ansixro : 

of tli« |iroA<std€ii ootiiod m hmm tli« s^iifeion iilt& I 

9xaot solution of tills protalm girm ^ foliaiwi (1936)* Tim \ 

9aD0@lX«it airMwnt Toloeitsr profilo glviii ^ f ollsdtii I 

t^iof « I ] . iii4 tin# attained mst mtimA %m l»« sm tii fig* t* Xt | 
nm !>• Minstd fmm tlio foUi^in*® i^ticii tliat I 

foY I 

7N^ >' I 

fti9 aittaUii^ im tihm prmnt si^littlOB is ' 3*tSt« ecsieluS# 1 

fvm tills t&!# siDT s^lntisii pi*QO@dn?e is sstisftstatf# CtepsUst# 
of til# «»Mit soSutifiiis icit& otiar solntim lasiiig tli# w^mmt tlisswf' 
fcNT til# #^#r am 8itofttio»8 MUX not b# Fsmsrt## in 'ttiis tii#sis« 
sin## III# tir:> mm tOm sism #s g«i©stx%t#4 bf Hi* t« 

i# st#9 tbs intspnitinis i^sn tlis iroloeitir frolii## ##### | 

t# M Hals s^pilibzlm ^ats^ tlis bsoiirfteiir la^or ^listeisss 

fUmm iiXMWfljr Htli x mm mSm of piwlb of ili# botmiaff 3 ji]W 1# 
ttinisiirsi Ir * Si# of ^/x mM in frsssnt 

s^Hq# ###p«ri«i rmy mtU tiks rnmnmmt^ s^^lia# of 

«2f« tim -mSm of 7^ i#i#i is tii# cnlgr «ipisl#aX sonstsnt nssisi 

mm ii«ii7 Milii F ii*i mm *16 #itii f 
st#f l#Bi^ mm iximtmmrn #1^ grostb of boindasy Xa/on mi 


t 






lm$9^ ct«p ixk rsglcKi mm 3<^ 9t 

Io@al hor^.d'^/ lugrer tMoltiittss* 

fe) 

Mth tfm lUP imd^l wm hsfm 99XV94 tlMi iiaapllifc 

for mmmtm md ^ * flt« anfiriiisa fionirtiafitg 
1’'>^7 ..'?*vck! ar» M-P, ^ ^ t&at mr» glir®tt fol34»4i^ 

iraMoa to obtain roatats timt agro© SAtisfaotonijr idtti tli« oipMt* 
fliiiiktaX 3w&®ytlt8 

• *066 C witli F » *1 ) I • 2.f , • .1 

A rwxgli otttimitii of tl^io c-wtjmta tm» hma eimm ; 

In 1965 ^ spal^ng In 1966. i«te startoA omipiitatioiii 

vitli tlioir oimsfeants aeei4 romi^edl at tli# altoro set of eonstentf 1 » 3 f | 

Mt md tsleX so tlist sens gross ^pantities of tlie ftoir wm&k m I 

I 

tns mt# of gron^ of tlie l^grer w<s the pesH mine of 4 ^ i 

m mlnateS tgr enr netiioa amt^et vitti yie mmmiMmtwX •mSasm* 

'd9 e^tsinoA m #i5t iters m tiie ox!%rl:aental mlno is «1i «.^- 

SlaUjirlar Wm pmM stains of 'k 9b%^imA W ^s ^ ^ #f tte mbs | 

mnttio eiisrgr ot tUs 1 l»ois3teFsr ) liSMM as tlit rains iiio«at | 
tiM wKpsrlnssts is atenl fm0 m s^am in flg« C3«%l* ttm AfWM«| 

i 

nsDisss rslo^^' ppofils bss teen itites In fig* C3«s> sliii^ snspirsil 
tetisfssiistilar ixllii tte sst^primtesl proftls* 

In tils seepntetleias tms ntesl tlis step Issgte sss 
Inifi ppopo^tion^ t# His lossl tewiafr laaw tte lar*^ 

gaiA step littiHi issi mss W0 of His totmOsxr lafsr teiStesss* 
%llsiiinf om^gimtieiis telpsO In fsttlng tte tesirsi sot of 
ooBstante* 

III tte saniliteiini a^^en grcaiHi i^te Psoesss omstmt 
snft M. proflls Cllg* 3 also Pteews lixftariiKit liles tte rslonL% 
pr;:^Lls* Hi ^lals rsgien ttsHl^ien of i sqpsls tlas gstisrstl<ii« 


o 


• I',; , .’g . 3 ' < 4 ;' ;‘7' ' '''4''- 

: ■■'Ft<S.X3*br/V^^^WT»0f'j; 'OF'.TUflSUi.gNf ENEffaV la 




It &m ti« W puttliir the t@iii •:f 'k . #^pil 

s«r 9 tli^t in tMi rtglon '>F md@X p&dbimB to ?iraxi<ltl mixiiif 
timoxT* of th9 tm t^oeims i« girm tfm mlmtXm 

^K-f C34) 

Jlkoro r«l,.3^tion hmlps in tinMng tti# doalrdil 'valuos of ematmts* 
ecRist'ant <%) ftppemra in tiia dissipation tan of tiie aiimtiort for ^ 
that contmin* 3^ pm«t of and bane© Qhms9 in aff@et« tlm 
p®a& valai® of • 

Um...i^ .Ig£^,,jKii»l.,..of...tiigtm^ I* 

^tli tl!A iso(l«l of tils iimrtiaX diffsrwitial 

sipaticii# for aoemtt® * k and ( •fei) Imv# l^saii tdivsd i^«ulta^iiiyi3ar« 
Ills foULouing sst of eonstints gi^s lotosy rssults^ i 

^ -g » ^ * *^2 • I • 3^5 ; 

iHtli tMs s«t of ommtmtm % mMo of «175 olitaliisd for' '^/x 
iind psalc tmlim CKf olitaiiisd 7*S^ of > 

fhs profils at giran in fig* C3«d) emi>.'irss watf I 

sail wiMh. th» mmoriMmt profils« timm is slight dsttation iji omf | 

I 

prsdletsd orafilo frm Ite profils nsar tiis Mf^i irslsw | 

eitr and iMoli it of wmm sigoifiimMs« ^ profils Cfig* 3«l>) | 

I 

also is salii^a«ti3«:r» 

^ It Wat atitttd In tlis m&fh tls prssant w»ii^ 

».:Ll ^ « f, ... 

fsatot is In His rsgios tss (^Mi) ptof&ls sill sot 

ts isfiHiitit St tiM Isngtli soals insrsats sits Hit dsMSstrsiii 

di.#littss«' fSmfors tus tours# tsm of tiis sfsttdLoit for (-ki) 

Hioold ts posHttHi slif«rt»^ ^nss tte sanstaott -fa ti^ sstt 
in His mmoo %mm of option for (^l.) ^ thm raliisa of tnmst 
scmstsfits tlist sales tlis soorss tsrs n^atiirs iii.ll not ^r# a 
tatisfast^ t^tion* ^ valast of h mm stalmtsd at ssss aiodal | 


fNsinttt nt statriaR smd it seen tlMi.lr h iimrofts#® itt tli# pe^ 
p&rtSm of mrrmpm^Mg la tia® «<3iiilll»yi3M srngloa* feplicatif^s 
@f lOais i^itnra.tioa Ml b® <lii©tts®@4 latswo# £b« present pmpa^st* 
ti«« b®®€«® aor® ssnaitiT® to the sis® of tb® #t@p ietigtili# la tiMi 
initial regicii ®fe®p lengtli was Istffe aaly hM of tbe lo<»l boar*-* 
darr tblolsaass i^le th® largest step Isaglb iisi4 was 8^ ®f 
tb® booailaiT Iwer tliielmess* 


(3*2) 

Tim •sEpsriaeiital z^milts for a pljp® jlet witb liateli ws will 
e«ipare our results oaa b« eorrelatei by tlie followtng rslatlensi 
Hat® of growtla '^/z/x * *1 mpproxiaat®3y 

CMitr® Ha® weloolty u^la given ^ = z-9jzb7/^~ 

wbieb gives thm ootentljl eoas » 6*25 tlass tbe slot wil^ 

mi& tb® peab vmlu® of ^ » a^oat 16^ of 
a) vS® of :¥.jadfcl 


fbs vsJUio of ^ asttd was «ft'1 fear f m «a* f» mSmlaMm 
tlio potsatisl eoro iMagtli® ^ widta of tbs potsatisl oors is ml* 
oiilatsg by tbs followlaf rs3Utieii. 

•t. ^ f‘t - j a. 


Q.y) 


mmt 0 tbis iaitisl vol»s of m k m U fbs vslas of x mmm | 

bs^sass s«ro gives ^ leiiitb of tbs potsatisl «ars« j 

tbs prssiiit Mm&fy ^s Isng^ is 17 sbsvs tbs osiperif^tsl | 

i 

rssalts ^bbow l^%t it ^lobyi bs about 1%$ for slot wlt^ « % it : 

i 

tbs «i9^ rsgieas of tbs |st boundaxy^layor tMobasss ptMi iiiisss^ | 
iil«b X 9m mm rots mf gtowlb is $lwm by %/x • <®t tWlsb is mm* 
)y sipsl to ^ ssp^piMitsl volii^« I 

Bsoay of tbs o«sitrs*lias velocity ia o«r 'selittiea is glvitt [ 
by (um/Uo}^ y mm is iltbla of tbs wgpwrtesntsl vtlsiif*, [ 


i 


r *• #8 f » #1 fiai4 • f*5 

ftii» »9it Of ecxistaai^* gi’vo^tho li»gtti of tli« po%«ittiaI eoro oqewil. 
to 1| It ffetmiM to motiood ttat mooi te 

ttiilBg liiror UK* lAioro m 'Xtrp io mood %m ^Sm w^Mm soot 
of ^ ^10 piano lot M/9ik i» noiMiii m wAtiMg lnyrwrf , . Slsli^ oolaM 
in tlio mm is o:sj>30tod tocmso tit mm imONi Mg^tor volno 

of f lOadot doofMios 'Ooltio' &t Jl * 

9m maM lot no wm %rp~ 'og ond toop Itii 

ollior 'Oonotonto onidiii^od* tliii oot m $ot tlio foUM^i^ oo» 

jUI ^ j 

MPUlilvS V 

(^%z /x ) at •Itf lOtlA to oiMito till ^o oxpcoinnfitol si^to 
of gfoolli# It* o«ntro«l^@ mSmlW dooa^ra aooordifis to Wm foil* 
imliig ro3n.ti« (um\/u«)= 3i//x iW.#i i® •atiafaetotf'* Hf* IMt) 
tftinfo ftogm oofiotlcoio ot IcHtfor mlnos of' x « 2M.S fo^on toXongs 
to tmi»iti«i*««*io and ®o«i« lirogalaifltios mm oiWRtod hmtmm tlio 
oiotro lija® n^loeitf ajol|m«t« Staoif oeooidliii to tto i»«lrot 
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r#3Ati€ii« fig* tli-it tha "reloeits^ pst>fH« li^tAUia# 

wU&k titis JMdNtl is tlis saas as timg hj using tli# I^SGidtll 

laijlng^iaijgtii fwtimttm of k x®' ^mm m fig* 0 ^- 0 ), 

is sati«fse%oi 7 Iwing * psak iralwii of 10 of • 

Mth all tlM J@t tto® itap Isngtli sitould lis 

fsigr propsrJ^r Sti th® ai^g stm® m start lAth a *»lllar ■ 

fitsij Xanzth and graduallj ijieroass It to wrar tlie alxing sons 
out dodng uastsfuX ooaputation* Tliifi in tlis tsfiimiiig of tns trins* 
itioaal sons vs tmm to again Aortas® ttis stst Isngth as in tMs 
r«i^on sdlustesnts tmks pl'^ios and tig stop Isngl^s, load to osoilis^ 
tlCMS* 

d) lit a£,,fe£dl,,.aaM.a* 

tlis amm sot of sonstants tdat gairt' its rssitlts viHito ^s 
dsid^rsd aMui^iidf in Wm nixlni ln^rsr* sort mssd in tiis prsssnt oassj 
and it ms aneoarasins to find ttat m got rssalts In 

tMs oass also* 

m ditalnod tn# lang^ of tts potsotial sort « tfa ^ 
grovtii (^//z. /x ) m *13 sMcli is isl#i«r tban tlis wsflmotsl mlsas 
rspffirtod in tlis nf ^is mistim* His osntro lino 'vslo*^ 

sitgr is i^sm tr (^A*) = V 2 s/j^ «id mk misni of • ai^ of 
( i U4^ } is satisfa 0 t<»ar* 

If m Oissrrs mills Sn fig* ifs aotiss 

tkst •wiSMisiisf mfils prsdiotsd mtn so^ dmsts fmm Hw 
s 3 spssln<antal pmts sM^Hf ms tomsNte tts liimfslosi^ sei# 
fkis is ^ to a lilgnsr am!hm of misii neans tliat tiis prsiio* 
toi mfilo is*lttllSfr> mm tOs rnmmrnm. proHliii 
pro^s Is ojqpiaiasd Igr tlis moopm^iiig siotsli# If m nso of' 
tlio msmvimmtaX profil® m got fcts grovtli rats '^y^« aid® III 
of *13# Ifs® tMs m eooelnds tMt a dsspor stud^ of tno maftioor 
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fell®## ©onsliiajffifc# Jls foi* %© n 1>®fet*fiap 

ext^idr.ceifcis In iHiimtt siffealJLs* Ibjr %lm pr®s«at m wUX fe« mtu* 
fi«d If tl» .^K^elle^r^ail gr®»» ifitntiSies ©oiapar® s®tlifa«%03Pily id.tli 

itilu®## If Sn ‘til® cciyi@ w® ©®X©i2X®.%©d tfw gy®nf*» 

m fat® ^/x w» g®t a raJm of ♦a^ a® om^^steA with #1 ®ic<» 
ftrlaaotal of «a5* 

Til® ®xi>®f!to©Btiil diatta afallaail® fo® th# t’affeulsKit ^piantt,** 
tl®i ahoif a X^im® ind tiaii®® if© aliiili aot eowaast ®® 

Mgh l«vel of tiffl%«a.«o«(fl 4 , l|®> pr«tfi®fe®4 tqr tn® i^atnt ®oi®l of 

C3*3> ,aai.iBBmotgic 4©fet ♦ 

III® oa^oflnantal rosmlts of rmM jot ®ao M 
at f oXIoif® I 

Armith fat® {^%/x ) m *01 

i^/uo') r 6'S 1)0 /x ■ (In aano ]^u®®8 md f t® aU® ropwt®# 
In Ida®® of 6*5 ) mA ®® iing^ of tii® iiol^llal. oof® • ttoot 6*5 
Ma motors* fOili fital of ^ • a6otit ^ of (i: u^) • tbS® pif* 
oontago it 6cii»tltt 'tt Ilwii liof* ^ > mMmm §mtmm l» 

M» miMiir®iiii!t® In® wiftP «®tlMiM tosMono® int^sitl®®* - 

fit® vain® of nsof ®a» •W P* • *l^®oai^tatl.<ai® 
wiP® 69®® f«r img^ of t&® 9®t®Btia3 e«»® o6tal»«d 

Mi® i«®. f#t 61® s®t«r»* a® grmftn mt® mt0^ 

mi& th® oiBtf® M«« ipiloeltf 1® flfwi tf (WiH/u.o) = 7-3])o/x itdoli 
ooiipaf®® weXX mth «xp®flai«ts* 3 te® lawfU® 

W 8<aiitlc®i 1® rnmm In Ilf* C 5 *®) a 2 -«i ^ «ip^l»«»t® 3 . 

point®* Sii® of tti® ointfodln® wioeity i® Blmm In 

fig • C 5 * 6 )* i*®att®f In tiii® flgof® 1 ® 6o®. to tli® 

C*6f ) iilil®ii lm§ hmm umtA $n gtiwii®®* Bil® ©mitant it ®ii^j®®t 


2 *4 


.6 ’8 1*2 1-4 1-6 i‘S 
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C31) 

to irairiatiofi# rnty not good agraaaaut with tM» ooiiataiit# B& 
w« will giw» aor© lapoiPt«e« to tait wlatiaa tliat Ittonla©© thff 
®ar of e«iitr# liu© T«locity# 

t) Iift,.afc, * 

Sowitwit® ai«d wmm m .♦06S mm m 2,5 witH 

\.p m *037 and # 05 $ to aiastog Mom. aM apegioii of Mto 3«fe r@«®«©- 

iiotolta o%»tato©d w© 1 

langtli of th® potaatial ooi*# m 7«t5 Haaotwi* 

Eat# of growth ' » *072 

and tho o«atr#»lto« volodtjf is givm W (t^/uo) = 6 ‘ 2 ^ Do/x 
Xt almto h© Botod li«r» th&t m mrnM aot asho an •sttoato of to© 
Ishgto of to© potsiiti©! mfit% iwm toov© tolutioii for too ©satro* 
liiio wolooil^* W© ha.v© ttiod © difforwt eaiistait to th© astii |«i 
rogioii* 

fh© ©ooh wml©© of ^ tototo^ is 2^ ^ * Is tol© 

©fiNssi Of tiifVwiiQiio© iNwtii toxa© ©f X ©as o© towsgod .si ©ehi*© ©Mto© 

, hr toasif to® to© ©oiitoBl Os> «© it oantriil© to© iisi^pKliMt of « 

Xf 2^ i© aot to iMi tohMi s© •atisfiiotozT’ ©an h© Sserossofi sad 
hlgtor tottonit^ ©a© h© totsiiiaii i©t to tost eoatixlstioh ollsto* 
gto©© ipwititito ©IghI iteag©* tooftfoto to slow of a good ©gr©©«' 
toht with to© grofth r^t©» tha ©siitro^^to© wolooitf sad th© diitos* 
©itoi©8© v@io©itar i^ofii© [fig* ©mia© ©f ^ to» 

tiii«it7 i© ©stiffatoofT* 

©) mMJemjrnmji^ 

Ooaataat© «««d tof© lentil • *1 § f ^ 2 . • *^85 I 

« 2*5 I • 2*5 Wbito af® tto ©a®© a© ii©®d to ®a»© ©f 

w$Mm Issw tod th© ^to© |@t* m cfetsto®# tt*lii® thl© tot%2/x 
(u*n/uo) X toieii. shoto © ftsfew ths tiistr©»Xto© tolooity* 




iralsi® of i@ aboat sm of * & aig. C5-e) 

ufttoh showT© tiao ^aJlatlon of ii. iM tli# aaia Jst ©xpoilMiitaki 4i i< ?ii 
Is ia<jt showi as ®asfc of ma data avail'll® elfchty gitsa only 2 
pmmt» of vsXoeity fluetwatloas or copraaooRda to aladUig *on«, 

Hot auisfci ©xpajrlHiaiitai mfk bm tain toa® m fm j®t* Tim 
folXo’ndng remits are based on fiire*a date givae in [llef^O • 
the growtii rate ('%/x) m *165 «djere '% Is tlie da.alafMie of tiie 
point ^er® reloolty is %(s$ of eeiatre lUae eelodt^ tw, tern tbe 
oantre line* 


Ceatre line reloeity deesya aeoordifig to 
rr^r sliore m wsMm of tlie wmfb pipe 


^ «id bo m mmi wwm of tlie slit* 

innere is no data avaiUble m ttotalme ^MVeetMstitts of fan |eti 

i) llaa„g£„.,gginilia^ 

file faliie of need ifae * 16 i idltli • <(l# ®ss of Wkb 


ecttiataat gate m end eeetre line reloeitr irarletioii In 

m mmrn let eanetly tbe eeie m mmrn W tie m%MSm Miiret tmm 
tbe eaiMORliMOtal results* Hewer ^ tm^tiisi sene eentre 
line veloelty deenr i* wr repreeeetei by IMs relstisn# 

Jd tiM trensitien sene deeay 4s fbst^p an is tdimm $m fig* C6^)* 
Hiove' Taliie of 2 giPes e loiier psIiis edt eore langtfe attldi steaie 
tint gtoetli fsate in ai»i»i sene is MgliaBr* A low Ptlai c# ia 
nlaini sene eoiild gite tlie de^Lred groe^ la tbet ««% As a eon* 
sefaeaee ef Mgiiir rate of greetfe In «te ialMsl regie% ^ meMm* 
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(33') 


lift® T®loclty dtoay® at a faft«r rat® in th@ transition zmm and 
then gradnaily ccwas to tij® desirsd rat® of decay# 
hi 

vonotants tijat gave satisfactory results were ^(c-p « ♦OSf 
for lalxiftg aone and Vp * #112 for main l@t wttn P « .tj ^ a •1l*> 

*» 2#5* SJhtes# Constanta gave tn® following resaltaf 

hmmhti of the potential cor® « 14 as against 12 in escperlments* 
Rate of growth C^/x) « 47t, idiich is satisfactory# 

Centre line velocity follows the relaticti* = i3/x 

Idler# as the e*periat«ital correlation i» ^ ^ ^or 

To m 10 and bo e 1# ?eah valce of k etetained was 275f of (t^/ • 

The velocity profile as shown in fig* (d*#) eoapares. satisfactorily 
with 'the experitnental profile# 7o m@ the effect of cp on the in* 
tensity of * sa»» C'Onputaticm i^s repeated with m ^2 IceepiBi 
the other constants sene# this resulted in dscrease of k inten* 
sity and, peak value cane down to \*f% of Ctuw?') * Botrev^ this 
profile is not shown in fig# C6*c)» 
d) Mn m£ 

Once again the previous s^ of constants was used and 
f oUowing results were ohteinedt 
Core length m fi- 
late of grow^ ^/x- • *1^ 

Cectre line velocity i® gUren hy 
peakvahieof i m^ii^ Cl^) 

ihove rei rol i t ff are satisfactosy# Intensity of is hifher as pn^idie* 
ted ty this ncNiel as ooawsrsd to that -prediiited hy wedU^* IJas 

to iMk of oxporliMnta datt non# <"»*•» ** 

oan t# ahoM aa fajrtWulaaay aatla<Mto*r» ifaloolW agjpa*6 


(34') 

satiaf act only udth experimental profile, llg, (6-to) a&mwB the 
curve for variaticn of the 0€BBtre«*line velocity with doimstreafli 
distance* In this figure the ppedicted curve lies <jaite dose to 
experimental points* 

(3*5 > Cl.imegal....aiffltag^a,i^ 

The different sets of constsmts used in differ«at cases 
have been collected in table«1* The Prandtl mixingdength theory 
and the model need widely differisit constants for different 
flow oases to give the desired results* Howsver ths S**P«R model 
needs only on# sst of constants for all ths four flow sitiiatiQns* 
This feature of the K-P-a model explains ^ ths plane mixing layer* 
plane jet* round jet and the fan jet show similarities la growth 
rate etc* A closer efeservation of the length scale used Sa K-*P-h 
■ model also expiaUis idiy w® need different empirical CGnstants fw 
diffes^nt cases while using the Prandtl miMag-lenglli theory* fS^* 7 
idiows the uarlmtloii of L/^ as obtained with use of K-P-41 
model across the boundary layer for an the caseSf As ^own in 
the figure* is3m ratio u/y remains nearly untfoim at all xs * in 
each case* This Is casslstsnt with the practice used in the PrsMtl 
mixiiigdeiiitli that the length scale Is made ^portiooal tc 

some characteristic thicteiess of boundary layer# iecoodly we notice 
in fig* 7 that has a different value 'for cerree-* 

ponds to "A used in mixing length theory end Iwnce different levelg 
of lines in fig* 7 enasin the different values of to be 

used with the mixing-lsiigth theory# level for fan jet is M* 
ghest idiich is centd^itent with^ tlwi value of ^ used in fiwi jet* itith 
this we fulfil the aim set up in the introdisticn of the ^esis* 

The next section this i^ptsr cantains ms sxsaple of 
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%h& esctmsion of pr@s@iit worlc* 

( 3 . 6 ) 

4® Slav® dltalt i</itjl!a th® spsclal oas® of stagnant sarrotBid* 
mgs* In qjuit® a f®w li'actic xl appUcatians Jlsts ar® injaoted in 
til® &tT®ms that ay® flowing in th® direoticn of th« J®t and 

in »oa® cas®s in the op •■oslt© dir@eti<»i also* 2Si® effect of aov* 
Ing 3ur3?oundtog<son the growth rat® and other f«atnr®s of the flows 
remains to b® Investigated* It is expected that the set of const- 
ants found out in the present thesis will work la case of aoviag 
surroundings also* 


In case of the adiliig la/er we asttiaed that the free str- 
ess of uniform velocity is free fro® turtmlicice* 3ii high veiocit|«r 
streuBS some turbulence intenaii^ies are usually present* So th® 
effect of fr®®-streqp tufbul^ic® ought to he studied* Sms® compu- 
tations %fere done with presence of free-stream tushulenee towards 
the <»id of the present work* Besults obtained stamm In fli»3« 
Because of the tinhulence at the external boimdary^ rate of growth 
Inoreases in the heglming and then falls dosei gradually to the 
value obtained in absence of free^stregn turhulfliice* Only eases 
of low free-etresm tushulMce ere reported In the fig* 3# ^ 
curve for a frcc-ctream ^ifhiilem»e tfual %e> of (i i^wi 
slightly higher growth rate than 1S6 free-stream turbulsnee in nm 
initial reficn and Hmci the two curves meet each ®m»w after which 
growth rate decays at the eame rate* If we apply the conservation 
cation for 'k in the free stream m getf 


Id* C 36 ) shows that k decaff la free streaii mad .rat# of decay is 
faster at higher values of k, *, Biis ea^lains wlsy the two growth rates 
torrsipondini to differsnl initial fre®*etrsam tuibalences become 
equal after some distance* 


8SU3I® s®!# of ccffifstjantia wsks ussii ixi ^li^so 

cofflputatlQiiS* Sucli effects ar@ y«t to t# seiaa for other flows* 
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in Hi® iUrfsrmes e^pulidloii* 
MlnM In «% (ao>w 

dlfi^wiaa fto* 

ttsMitin wiftfif c»r pmt wit aftw* 
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tariU) and L as glvati Bofeta Cl<l«?1 ) s* 

Rotta (.^l‘*9j in tli 0 following dartwatloii has used th« 
Statistical approach to ttiiinil«snc® introduced hy G,I* faylor la 
1935 • According to this approach the turbulent mergy 'tis dls* 
tributed In a mry large nusrfber of turbul®ac® • elenonta or eddies 
of different slms* The length scale of turbulmce is thought of 
as the nean dia aeter of these eddies* fentporal and spatial ehea- 
ges in this length scale hare an imediate influence on the diffe«» 
rent processes in turbulence* tim structure of turbulence is des* 
oribed by the statistical correlation between the fluctuating 
ntlties* this description is given in theory by nesns of some spe* 
ctral functions* these spectral functions are fourler transfozns 
of the correlation functions* A spectral function represents the 
contribution to the corresponding correlatien function by the wave 
nuahers between m and m+dm » wave imnber m being the redproeal of 
the length scale* 

The total turtmlwat energy per unit mass at a point is de^ 
fined in tews of correlation function and spectral fUncticn as 


follomi t 


'fecns.t) 


3 


jF(m,rc;t) dm 


(a-O 


idiere is the position vector of the point* In (a*1) the 
spectral function FC«>;n:,t) represents contribution to i by the 
wave between m a m+dm • ®ie charaotwistie length ecde 

of tuzbulence I» is defined by the relation 

oo^ 

LCr.,t)= 


dm 

m 




Uhere the factor 3^ cows tmm considerations of Isotrei^ tur- 
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Starting from the general Havler • Stokei ecpaticms of 
motion Hotta reachet at tSie following eipatian for the sjpeetral 
fmction F, after eome complicated algebra i ^ , 

3 J. 3 _ 4- C'V',rc,fcl 


■H ^ 


y /^F "H ^ C^/ Fcy i, =. O 


Ca-3^ 


The first two tews of eq, (a-3> represojt the total change in the 
fluctuating Idnetic energy spectrum* The third tew represents the 
worh done by the Heynold stresses* Fj„ (vM^n, t) is the contrlbii* 
tion to Reynold stresses by the ware numbers betwesn m and m ^-dyn , 
The fourth term represents the effect of turbulmat dif fuslao of 
In direction n on the speotrua of 4 • li lOie spectral fbncticn 
for turbulent diffusiaii of In n direction* The tew contaiiilng y 
in eq* (a*3) Chows the effect of risoans diffhsicai of 4 and is small 
for free turbulMit flows* The last tin is the spectral fimction for 
dissipation of 4 * 

haltiplytng eq* (a«' 3 ) by and mtegrating ea^ ten 
with respect to m oo 0 the following equation for ('4 l) 


is obtained after maMni use of eq* (a*th 

’ - ^ ^ ^ 3jl7p dm ^ 
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»ow eq* Ca-3) is naltiplied by I# and totegrated with respect to m 
from 0 to oo , fha rsialtini equation idien subtracted fWm eq*Ca-^) 
gires the dlffeawatial equation f«p the Irnsgth scale* The e^ticn 


for li has the foBcwtag fOT* ^ 

/ i*l na» J 
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Iiilce all other ocuianration ©<pations^ th® ®<ii«@pvaUcai eijaatlca 
for 1 given Ijy oq* (a-5) relatei the total ohange of 1 with the 
effect of energy generation* diffusion and dissipation on U 

4e eoae hach to eq# (^•h) and naJce the follcn^lng postu* 
lates so thit the equation becoiaes suitable for applieationi 
CD It ie assuaed that a spectral functicsi can be represented In 
terns of a dimensionless function as shown by the follofning rela- 

L L if) ] " 


Fs 



Co- 6) 


irtiere y-s u'- u« stand for Beynold stresses* and d is the 

net dissipation of 4 per unilaaass* Ilsis^ eq* (a«1 ) with this po8« 
tnlate it can be seen that the diaensi^msless fisicticns f satisfy 
the eqaatico i, a n 

Ca-l) 


jfmdf-- 1 


ClI) It is assmaed that the integral 4^ is a conslaiit 

4 y 

independent of space* time and other faot<»s Hi tmbalenee. IMs 
lieaiis that we ean write 


4;^ - i C Co-- S') 

iie wHl have two ecnstants flv^ U eorreapaidliig to the dl*«n* 
sicnless functions and respeetlvtly# 
cm) It is assumed that the speetral fbneticn for mtmm 
he exinresscd by an enehange lew analogcns to the ei^diaiige law 


that is used f<np the diflbiicnal Hme* i^th this pesiwlate we ean 
write fa,^= - • Ca.-9) 


idiere is the eaKSisnge coefficisnt and F is the energy spectral 
function given by eq* Cs*1)* It is further assuBed that 6^ depends 
itpoB the Have luiBiNir m Mid smui be represented by a dtsamsieBlwss 



(a - 1 0 ^ 


<^(y^ as followfl 

w1a«^*»a £„ is saa® as €v^(ni^ = <§(l^) 

Fat = - Sn f(y-) 

us:3t.ng poitulat® (I) for F w# havt 
or F«" -S^ = -£,„ <f(« f(« ^^('feL') (a-lO 

intiograting «<i» Ca*11) Kith respect to md mSm postalat® (11) 

w» got ^ 

= - £„ CiL^ Ca-..) 

o 

lilaaijr® Is a oonstant# 

tl»Aj0f the ato^s postulates eq* <a«^) em be put in the foUoiiriiig 


foxm for stea^jr^ ttfo dimensicmal boimtlaiy Issrersi 

Lf/ih-y . ji- (hi. 2%ii\ 


'?Xx 


-f- D L = O Ca-13) 

Ce>^13) on tmnsf'oriHi to metric coordinate sfsteat 

reduces to tiie eq« ( is* ) given in section (1*33) of Ctekpter 1« 

Not au«ai is tooni idmit tim constants fa, • 

Based on the theory of hcnogeneous and isotropic tuiMLence ma& 
experissents on turbiileRt flow of dr behind a neidi carded dH by 
Bati^eXor and ToMBcend (1$N>8>^ Bette cagfests a value of *8 fer'^s* 
droia the study of fully developed tusliuleiit flew in ohannds and 
pipes of unif ona cross section Botta condudee that '9^ lOtouM be 
•qM. to and ^,3, lOiould' be more than '?sbr Idlf ('^ix=®- '»s) ♦ 
Xhese values of constnats say not be used in our predlcticn pfoce«» 
dUiren however with this estiaate we get an idea of the osder of 
magtiltude of '^lese constsnte# 
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